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~-(MII AND -IMKNTAL ~ A(j~OITS

OF A & FLYINGBOAT DURINGIAN’DINGIMPACTS

By D’anielSavitsky

A simplifiedanalyti+ methodfor predictingthe timehistoryof
the accelerationselongthe wing of an airpleneduringlandingimpact
is presentedand comparedwith win~tip-accelerationdata obtainedfrom
full+3calelandingtestsof a smallseaplane. The structuralproperties
of the seaplanewere suchthat only the fundamentalwing bendingmode
of vibrationhed an importanteffecton the -tip accelerationsand
the over-en structuralpropertieshad littleeffecton the hydrodynamic
impactforce. For theseconditions,the theoreticaland e~erimental
timehistoriesof win@ip accelerationshow very good agreement.

A sine curveis used as en approximationfor the force-time
variationof the measuredimpactforceand agreesfairlyclosely
with the e~erimentel @act–force time historiesup to and somewhat
beyondthe time of maximumimpactload.

Where the most severeimpactsof the’testedseaplaneocc”iu’red
subsequentto the initialimpactof a particularlanding,the seaplane
bouncethatprecededthis severeimpactwas USuelly sufficientlyhigh
and of long enoughdurationto stop the wing vibrationsexcitedby
the prior impact.

lXTRODUCTION

The constmctionof largeflexibleairplaneshas increasedthe
importanceof evaluatingthe effectsof,airfrsmeelasticityintroducing
criticsldesignloads in the structureduringlendingimpact. In order
to enablethe designerto calculatethese@namic tiertialoadswithout
havingto employthe lengthyand tedioticalculationsrequiredfor an
exactsolutionof the problem,varioustheoreticalmethodsfor a
relativelysimpleend quicksolutionof the structuralelasticity
problemshavebeen developed. Severalof thesesolutionssre described
in references1 and 2. Althougheach of thesesimplifiedmethodsis
based on advencedvibrationtheo~, the resultantfinalsolutions
presentedin eachhave certainlimitationsso that theyare not generally
applicableto all.phasesof the structuralresponseproblem.

.- —. —- .- . ... .. . —.—.— ------ — — __________ ..--—— ——. . .— -——..-.- . —
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Measurementsweremade of the resultingwin@ip accelerations
during@act for a seriesof full-scalelandingtestsof a small
seapla@. A comparisonof theseexperimentalwin@ip accelerations
with calculatedvaluesobtainedby applicationof a simplified
theoreticalsolutionwas desired. Directapplicationof the existing
theoreticalmethods(references1 and 2) for the analyticalevaluation
of the win@ip accelerationsofmthetest seaplanewas not feasible,
however,for severalreasons. Two of the reasonsare: First,although
reference1 proposesdetailedmethodsfor evaluatingthe stressdistri-
butionthroughouten airfrsmesubjectedto landingimpaot,thisrefer-
encedoesnot treat specificallythe problemof determiningthe accele~
ationdistributionthroughoutthe structure,whichmy be criticelin
the local atructureldesign. Second,slthoughreference2 presentsa
solutionfor the evaluationof accelerationsthat considersthe effect
of structural elastici~ in slteringthe impaotforce,the scaleof
the plots of the generalizedresultspresentedin thisreferenceis
suchthat inaccurateanswers=e obtainedwhen thereis @ a small
differencebetweenthe accelerationof the nodalpoint of awing
bendingmode and the accelerationof the hull,as was the casefor the
testedseaplane. Thus, sincethe finslresultsof the existing .
solutionswere not direct= applicableto the predictionof accele~.

.

ationsfor the testedseaplane,the basic the~ies of vibrationas
discussedin references1 end 2 were consideredin this~aper,and a #

simplifiedmethodbased on these*ories -S develqed for th?
evaluationof the timehistoryof the accelerationdistribution
throughoutan airplanestructuresubjectedto landingimpactwhen
impact-forcetime historycsnbe definedby a simplemathematical
curve.

.
This paperpresentsthe developmentof the simplifiedmethod

illustratesits applicationtothe determinationof the wln@ip
accelerationsduringlandingimpaotsof the testedseaplane. A ‘
comparisonof the computedand the measumd Win@ip-acceleration
timehistoriesis presentedfor the severelandingimpactsof the

the

seaplane,end a comparisonof the computedand the measuredmaximum
wing-tipaceelerationeis givenfor the lightimpacts. The calcu-
lationsconcernedwith the determinationof the tiansientiscillatory-
accelerationresponseof au airframeto sine-curveforcingfunctions
are given~ en appendix.

tn

‘i

timereqtied for me-fourth of a cycleof natural
vibration,seconds I

timebetweeni.nitislwater contactaud maximum
hydrodynamicforce,seconds

.
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incrementof weight,pounds .

maximumimpactaccelerationnormslto water surfacein
multiplesof the accelerationdue to gravity

incrementof mass,pound-second2per foot (w/g)

totalmass of seaplane,pound-second2per f;ot

total.weightof seaplane,po~s

accelerationdue to gravity,feetper second.per second.

naturalctrcul.arfrequencyof wing bendingmode,

radiansper second

(J) ‘
+ 2X

#

equivalentcircularfieq,uency‘ofappliedforce,radians
per second fl i)2t

timevariationof appliedimpactforce

maximumvalue of appliedimpactforce,pounds

proportional* factordefiningwing deflectioncurvefor
fundamentalbendingmale in termsof unit deflectionof
wing tip

proportionalimfactordef~wing deflectioncurvefor
secondarybendd.ngmode

springconstantof single+nassoscillator,poundsper foot

effectivespringconstantat q wing station,poundsper foot

translationaldisplacementof wingnodalpoint,feet
.

-tip displace.mentwith respectto nodalpoint,feet

resultantdisplacementof any point onwing, feet

(@)effectivemass X

distancealong?dng outboardfrom centerline,feet ,,
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Subscripts

x wing station

P point of applicationof impactforce

METHODOF ANAIX%E

When an airplanelends,the resultsntdisplacementyr of any

point on the wingmsy be consideredto be composedof two parts,as L3
shownin the simplifiedrepresentationin figure1. One componentof
motionis thatresultingfrcimthe translationof the airplaneas a .
rigidlmdy (fig.l(b)). The otheris the motionof thatpointresultlng
from the transientoscil.latoqmotionof each of the naturalmodes of
vibrationof the wing structureexcited~ the impactforce (fig.l(c)). ,
Thus: .

Yr =Yo+$fyt (1)

a

The term y. ~ equation(1) is the rigid+mdy displacementof the

airplsne,which is slso the displacementof the nodalpointsof SDY wing
mode. The term ~t representsthe displacementrelativeto thenodal
pointof arw point on the structurewhen the ~ is deflectedin a
normalmode shape,where # is the spacefunctiondefiningthatnormal
mode shape. For convenience,in this paper @ is definedin termsof
a unit deflectionof the extremew5ng tip relativeto the nodalpaint,
slthoughit couldye definedin termsof the deflectionof auy other
pointon the deflectedwing. The term yt is the deflectionof the
extremewing tip in a normalmode. A separatevalue of ~t is included

in equation(1) for each of the wing modes concerned;however,for
simplicity,the effectof only one mcde will be discussed. The evaluation
of the effectsof othermodes followsen identicslprocedureend the
deflectionsassociatedwith eachmode ere superposed.toobtainresultant
deflections.

From equation(1) the resultantacceleration,ofany point on the
wing is readilyseento be:

t (2)

— —..- -. .-— ... . .-— —-.
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The translational

5

accelerationy. is obtainedfromNewton’ssecondlaw
of motionand is-equalto

. .
Y. “ P(t)~ (3)

The transientoscillatorycomponentof accelerationit is.obtaimd from

the Lagrangienequationdefiningthe motionof the wing structurewhen
the wing oscillatesin a naturalmode. A derivationof this equationis
includedin reference1. This equationof motionis writtenas:

at +~2Yt = mffp (4)

where E is equalto Z* end ~n is +%e deflectionof the point ~f

applicationof the impact
WiW@ip deflection.

Rearrangingequation
in the equation:

forcere~tive to the nodal

(4) and substitutingZm~

pointfor auuit

for M results

(5)

Equation(5), the solutionof whichyieldsthe transientoscillator
componentof accelerationat the extremewing tip, is the diffe-rential
equationof motionof an undamped,single+nass,linearoscillator.Thus,
the evaluationof the oscillatcnycomponentof accelerationfor the wing
tip has been reducedto the relativelysimplesolutionof the equation
of motionof a singl~ss oscillator,the naturalfrequencyof which is
equalto the frequency ~ of the mode being considered,and the spring

+

2Zconstantof which is equalto the term ~ appearingin equation(5).

+
2Zm2This spring-constantterm% for the e&mme wing tip will be shown

P
to be physicallyequalto the ratio of the forcecausingthe wing beem
to deflectin one of its naturalmodes to the resultant-tip deflection
relativeto.thenodalpoint. Equatingthe work doneby the extmmal force
in deflectingthe wing beam in a naturalmode to the internalstrainener~
of the wing eqn?essedin termsof the kineticenergyin the wing when it

e

. - —.. —-—+— ———- --.—— —
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releasedfrom its positionof mexhmm deflectioncorresponding
P= and passesthrougha positionof zerodeflection,results
the expression

.

1690

I

(6)

Equation(6) can%e rearrangedto resultin the value of the effective
springconstantat the ertremewing tip k%ip as definedpreviously:

.

d

(7).

ye hat term in equation(7) is equalto themultiplying factorof yt “

in equation(5). An equivalentconstant k
%

for any otherpoint x on

the wing cen readily%e foundfrcunacknowledgeof the proportionality
factor ~x at that stationd ‘etip” Thus:

.

I

ex=%.a2k
v=

(8)

Sincethe vibratorycharacteristicsof my pointon the wing have been
defined.in termsof ke and ~, the vibrato~ characteristicsof the

equivalentltneersingle-massoscillatorfor thatpoint ere elsoknown.
The mass of this eq valentoscillatoris a fictitiousor “effective”

1%HE equalto ke/~ . Thus, substitutingthe terms justdefinedin the

differentialequationofmction of a single+nassoscillatorresultsin
the equationof motionfor thp equivalentsingle+nass oscillatorat any
point x alongthe wing

b .~fx +ke#x=*(t)
% I

(9)

Solvingthe equationsof motionof the kqzivalentoscillator
.

for ~x, the tran8ientosciliatoqv”accelprationat eny W station xs
and addingthis ccmponentof accelerationto the translationalacceleration .
as definedby equation(3) givesthe totalaccelerationat my point x on

~ the wing. Althoughthe precedingdiscussionwas llmitedto the evaluation
of the effectsof but me mode,highermodes ere treatedin a similar ●

. . . . . . . .. .
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manner. That is, an equivalentlinsaroscillatoris foundfor each
normal’modeand the osci~atory accelerationsassociatedwith each
oscillatorere superposed.

The forcingfunction P(t) inequatiOM (3) @ (5) is th t-
historyof the externalimpactforceappliedto the airplaneduring
landing. In the case of a seaplanesubjectedto landingimpact,this
forcing@nction is the the historyof the hydrdynmic impactforce,
which,when eqressed.in termsof grossweightof seaplane,isequal
to the translationalor nodalacceleration.If this forcingfunction
can be eqressed.by a simplemathematicalcurve,the s“olutionof the
equationof motionof the single+massoscillatcmfor the oscillato~
accelerationcan be si@y obtained. The calculationsincludedin the
appendixillustratethe derivationof the transient-oscillatq-
accelerationresponseof a single+ass oscillatorto a sine-curve
variationof the forcingfunction. The sinecurveis used in this
derivaticmsince,as is shownin a subsequentsectionof this ‘
paper,it couldbe used as a closeapproximationto the timehistory
of experimentallyobtained@isodynamic
to othersimplifiedmathematicalcurves
fashion.

APPARATUSAND TEST

Seaplane

The seaplaneused In the testswas

impactforces.
can be treated

The response
in a similar

a twin+mgine amphibian
havingan tie of dead rise of 20° at the step. ‘A thre-~iew sketch
of the seaplanetogetherwith pertinentdimensionsis givenin figure2.
The wing was attachedto the hull by means of supportstrutsand tie.
rodsmmnted on the outboardside of each of the enginemounts. The
verticalpylonbetweenthe centerof the wing and.the hull is a non-
structuralfairingend doesnot trsnsmitw of the wing inertialoads
to the hull. The grossweightof the seaplaneduringthe landlngtests
was approximately19,000pounds. A detailed.tabulationof the weight
distributionalongthe seaplane~, as obtainedfromdata supplied
by the manufacturer,is givenin table1.

The naturalfrequenciesandmcxleshapesof the seaplanewere obtained
fromgroundvibrationtests. The amphibianwas supportedon its lending
geerand the wing was vibratedby means of an electromagneticvibrator
connectedto the main sparnear the leftwing tip (fig.3). ~ orderto
investigatethe effectthat the methodof seaplanesupporthas on the
wing frequenciesand mode shapes,severalvitiationsurveyswere con–
d.ucted.dver a rangeof tirepressuresendwith the oleo strutlocked .
end unlocked. All methodsof supportresultedin substantiallyidentical
wing frequenciesandmcde shapes. Figure4 presentsa sketchof the
firstand secondmode shapes. A tabtiationof the mode-shapefactors

.. . .-—— .. — .— .——-— --———-—— ———— . -.— - — .———.. . .
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for wing deflectionrelativeto the nodalpointsbased on unit tip ‘
deflectionis givenin tableI.

Instrumentation

Time historiesof the impactaccelerations
measuredby threeinduction-typeaccelerometers

normalto the keelwere
whichwere installed

.

as follows: one at the seaplanecenterof gravity,snotherjustinboard
of the rightengine,and a thirdnear-therightwing tip (fig.2). In
the followingdiscussion,the accelerometerat the centerof gravitywill
be referredto as the hull accelerometerand the accelerometernesr
the wing tip will be designatedthe wing-tipaccelercnneter.The
accelerometershad an undampednaturelfrequencyof 60 cyclesper second,
‘wereofl+amped to approximately0.6 critical,had en accuracyof approxi-
mately%.2g, end were sfmul.taneouslyrecordqdon a multichanneloscil-
lograph.

b

Test Procedure

The lending-impacttestsweremade in smoothwater. Since the
primsrypurposeof thesetestswas to determinethe bydrodymmic impact
loadson the hull,lan~s were made aver a rangeof trimsand flQht–
path angles. For the purposeof thispaper,however,only thoseimpacts
were consideredwhereinthe forebodymade contactwith the water first
and the wingwas substantiallyfree of extraneousvibrationsjustprior
to impact. b the case of initialafterbodycontacts,the seaplane
usuallyrotatedforwardto resultin superposedtorebodyimpactand
thusmade impracticalan exactmathematicaldefinitionof the primary
bydrcdynamicforcingfunction.

.

RESULTSAND DISCUSSION

lkcperimenlxil

A tabulationof the valuesof meximumhull acceleration,timeto
msximm hull acceleration(impactperiod),and maximumwin@ip
accelerationrecordedduringthe verioustestruns is presentedin
tableII. The impactaccelerationsmeasuredin the vicinityof the
rightengineare not presentedhereinsincethis accelerometerhad a
considerableemountof high-frequencyhash superposedand so made a
reliableestimateof the recorddeflectionvery difficult. The wine
tip accelerationswere slwayslargerthen the hull accelerationsby an
emountthatvsriedapproximatelyinverselyas the impactperiod. (See
table.11.)

.

..— - ..— —..
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A plot of the recordedtimehistoriesof the huU and corresponding
wing-tipaccelerationsis presentedin figure5 for the Wee most severe
impacts. (Tests2, 3, and 7.) A considerableamountof irregulari~
is seento existin the recordtracesof the huU accelerations.As an
attemptto definethe time historyof the hull accelerationsby a simple
mathematicalexpression,a sine curvewas plotteduver the recordtrace
with the peek accelerationas maximumordinateaud the impactperiodas
the timefor one-quartercycle. Figure5 presentsa comparisonbetween
the assumedsine curvesfairedthroughall threerecordtracesand the
measuredimpactforceand showsthat the sine curvecan be used as a
satisfactoryapproximationup to and somewhatbeyondthe time of maximum
hull acceleration.Althoughthe resultsare not includedin this paper, 0 .
a comparisonwas alsomade betweenthe sine curveend measuredhull–
accelerationtimehistoriesfor the othertestruns listedin tableII.
This comparisonshuwedthat the sine curvecouldbe used as a close
approximationfor the otherruns also. Althoughthe sin~ume approxi–
mationcan be used for the impactconditionsencounteredwith the test
seaplane,for airplaneswhereinthe structur@ elasticityhas en .
appreciableeffecton alteringthe impactforceor in lankhgs wherein
the flightpath is very shallowor steepa s~urve approximation
may not be suitable. Theoreticaltimehistoriesof the hydrodynamic
forcingfunctionfor arange of landingconditionsand.a3r@Leneelasti–
citiesare givenin references2 and 3.

The win@ip+cceleration time-historiesare plotteddirectlybelow
the correspondinghull accelerationsand indicatethat the wing tip
reachesa peak accelerationat some time subsequentto peak impact
load. Duringthe firstpart of the Impact,the tip accelerationis
slightlypositiveas a resultof-thesupeqositionof the transient
oscillatoryaccelerationupon the impacttranslationalacceleration.
In comparisonwith tests2 end 3, the recordtraceof tip acceleration
for test 7 is smewhat irregulersinceat the time of this impactsom
extraneouswing vibrationswere presenth the wing structurepriorto
initielimpact. Nevertheless,the generalpatternof that timehistory
is readilydistinguishable.

As shuwnin tableII some of the wing=tip+ccelerationdatawere
obtainedfrom the second.,t~d, and fourthimpactsof any particular
landing. For most of thesesubsequentimpactsthe wing vibrations
excitedby the precedingimpactwere sufficientlydiminishedbetween
impactsby the structural-andaeromc damping to considerthe
oscillationsof the structureset up by one impactto be almostcon+ .
pletelyindependentof the oscillationsset up by any precedingimpact.
If, duringthe seaplanereboundfrom the wdter surfacethat is usually
associatedwith a hydrodynamicimpact,the seaplsnewas not completely
airbornefor a sufficientlengthof time,the wing oscillationswere
not completelydampedout. For most of the severesmooth+ater impacts,
however,the reboundthatprecededthe impactwas high enoughand of
long enoughdurationto allowslmostcompletedampingout of th%
wing vibrations.The data from thoselightimpactsin which the

. .-. . ... ______ _- .—. --—.-—— ——--——— -—— -. .. . . . . .-_. . .
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A

vibrationswere not materiallyreducedduringthe preoedingreboundare
not presentedherein.

Application
entitled“Methmi

of
of

. Calculated

the analyticalprooed.urestiscribe~in the section
_sis” is illustratedin the followingparagraphs

for the determinationof the translationalcamponent,the transient
t

oscillatorycomponent,and the resultantof the wi@tip accelerations
of the testedseaplaneduringlanding~aot. Calculatedand experimental

o -tip accelerationsreferredto in thispaperezw fw the wing station
at which the outboardaoceleraeteris located(450in. from centerline)
unlessotherwisespecified.Time historiesof the resultantwin~tip
accelerationswere calculatedfor the threemost severeimpaots(tests2,
3, aud 7) but onlythe maximm resultantaccelerationswere calculated .
for the remining impaots. Thesecslculatedvaluesare compsredwith
the experimentaldata obtainedfram full-scelelendingsof the test
seaplane.

Trsnslationelcomponent of aocelerat~on.-The time histwy of the
trauelationalaccelerationof the seaplaneis equalto the timehisto~
of the hydrodynamicimpactforceeqressed b multiplesof the gross
weightof the seaplene. Since the eqertmenteldata did not pruvide
a dd.rectmeaeurement of the hydrodynamicimpaotforceas suoh,the
measuredhuKL accelerationswere used as a closeapproximationfor the ‘
hydrodynamicimpactforce. Although,as discussedinreferenoe2, the
hull accelerationmeynot be equalto the’~drodynamic impactaooele?+
ationbecauseof elasticeffects,for the testedseaplane,in which the
rigidhull-suppmt strutswre attaohedto the wing in the immediate
vicini* of the fundamentalend.secondaryflexuralnodalpoints,the
effectof wing elastici~ on the hull accelerationswas minimized.
Thus,the measuredhull accelerationspresentedin tableII and
figure5 canbe consideredas being a very close,a~roximation“tothe
actuslappliedlaudingreactionand so are consideredto be the
translationalcomp,anentof win@ip accelerationsfor *e test seaplane.
Sincethe sine-curvehas been shownto be a goodapproximationfor the
measuredhuU. accelerationsof the test seaplanethis curveis used to
definethe timehistoryof the translationalcomponentof acceleration
and also,as shownh the followingsection,to calculatethe transient
oscillatorycomponentof acceleration.

!lksnsientoscillator ccuuuorientof acceleration.-Asshown~
equation(9),“the-evaluationof the transientoscillatq componentof
accelerationfon w point on the wing associatedwith the vibration
of any particularwing bendingmode has been reducedto the solution
of the d.ifferentielequatione.ofmotionof an equivalentsingle+nass “ .
oscillatorof frequenoyequalto the
bendingihodebeing consideredand of
as defined-byequations(7) - (8).

... .-.

naturalfrequenoyof the wing
effectivespringconstant ke
The timehisto~ of the

—
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acceleration“~ of this

11

single+nassoscillatorwhen subjectedto a
forcingfunctionof sine++nwe variationis derived
for the case of no damping. Substitutingke for
resultsin the expression.

in the appendix
k in equation(A6)

me use of equation(8) givesthe fo~owing expressionfor j+

.

This expression
at any petit x
Thus,

L

for the
on me

trsnsientoscillatorycomponentof acceleration
wing correspondsto the term @t of equation(2).

(12)

The sine-curvefuuctionis used for P(t) becauseit agreescloselywith
the measuredhydr~c-force timehistory,as shownin figure5.

In equation(10), P= and ti are characteristicsof the forcing
function. Both quantitiesare givenin tableII where P- is expressed
as accelerationin multiplesof the grossweightof the seaplane. The values
of the tezms ~ aud ~ are alsoreadilyknown sincethey are dependent
upon the frequencyof the wing bendingmode being considered.The spring
constant ke is derivedfrom equations(7) and (8). Values of ke, in

the fundamentalbend~ mode of vibrationof the wing, are shuwnin table1111
for many stationsalongthe wing. Inyerticulsr,the value of ke at the

xtip+melerometer stationis showntobe 336,400 poundsper foot.

—. .—z ..— .—.— ..-— -.
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An effectivespringconstantcan alsobe foundfor the seconderywing
benUng mode by followinga-proceduresimilarto that illustratedin
tableIII, usingvaluesof ~t givenin tableI. This constantwas
not calculatedin thispaper,however,sincethe strut-supportpoint
on the wing coincidesalmostexactlywith the inboardnodal.pointof
the secondaryacile.Th$s locationresultsIn extremelysmalldeflec-
tionsof thismode and conseqymdilyminimizesthe contributionof this
mode to the totalwin@ip accelerations.

.

\

tion of equation(10)showsthat the term P-2/kc is .An examina

the accelerationof the effectivemass (kc/%2) for the point on the
wing conespondingto lse if this effectivemass is consideredto be a

stringlessmass subjectedto a force P=. The expressionin braces

representsthe tmnsien+accelerationresponseto a sine curveof the
linearsingl.e+nassoscillatorexpressedin termsof ~ and in terms
of the ratioof naturalperiodto impactperiod ~ti. Solutionsof

equation(10)were mede for a unit value of P-2/ice, for a value

of q equalto the naturalfrequencyof the fundamentalmode of the .

wingof the test seaplane,and for valuesof the ratio ~ti ranging i

from 0,1 to 0,70 This rangeof valuesof tJti includesW. the ●

landingslisted34 $ableII. .

sham in figure 6 ere w cyclesof the sine-curvetimehistories
of qact forcesof vvious assumedimpactperiods,expressedin terms
of Va.zuesof tJti, and ~so shownare the solutionsof equation(10)
@JiGb are the resvlt~ time historiesof the transient-acceleration
respowe referredto thereonas *ansientisciXLatcq accelerationfactor.
A tilnescale3s includedin this figurein orderto make the results
generaUy applicable to other valuesQf ~. This form of presentation

of’resultsIllustratesthe phaserelationbetweenboth componentsof
accelerationfor differentvaluesof tJti. The sine+urve time
historiesare represents.tlveof the ti.me~storyvariationof the
tran.slatlcn@cmponeut o? the resultantaccelerationwhereasthe
timehistoriesin the @wer plot definethe transien+oscillatory
componentof resultantacceleration,Applicationof thesegraphical
resultsto the calculationof the resultantaccelerationat the wi~
tip-accelermeterstationis discussedin the folluwlngsectionon
resultantwing-tipaccelerations. “

The evaluationof the accelerationresponsefactorwas not carried
beyondtime 2ti since,if the equationsas set up in the appendixwere

—- — ——.. .. . .—.--—. —--- — —------- .--—. — .-. .
.,



WA Tl!JNO. 1*O # 13

.

extendedto timeslongert~ His the resultswould not correspondto

a sine~ulsebut, rather,to a continuousapplicationof the sine+urve
forcingfunction. For veluesof ~ti equalto or less than approxi-
mately0.7 the mextmumoscillato~ accelerationoccurspriorto 2ti so
that the plotsin figure6 are applicableto all runs.of the tested
seaplane. Further,for most present-deyseaplanes,the maximumdesign
impactloads-e usuallyappliedat sucha rate that the ratio ~lti

rarelyexceedsveluesof 0.7. h caseswhere the value of the
ratio ~ti is suchthat the meximumoscillatoryccmponentoccursat

timeslaterthan 2ti, the responsecurvesin figure6 mey be extended

to coverthe cue of a sinepulseby consideringthe single+nass
oscillatorto stat vibratingfreelyfrom initialconditionof displace-
ment end velocitycorrespondingto time 2ti. In eny case,if the
meximumoscillatq accelerationoccursat timessubstantiallylater
than the occurrenceof maximumimpactload,a checkon the agreement
betweenthe assumedsine curveand the measured-hydr~c-force
sincecurveshouldbe made since,as shuwnin thispaper,the aasumed
and actualtimahistorieswere in disagreementat timessubstantially.
laterthan ti.

Resultantwing-tip accelerationo-For the testedseaplane,eddition
of the time historiesof the translationalcamponentof acceleration,
equation(3),and transientoscillato~ componentof acceleration “
associatedwith the vibrationin the fundamentalwing bendingmode,
equation(lJ),givesthe resultanttime historyof accelerationfor
W POtit x on

The acceleration
per second2. k
accelerationdue

the wing. This is expressedbythe followingequation:

r
P= sin ~t J? 2

‘~
mex %

‘$xk
{

sinqt
etip

(13)

computed&cm equation(13)is h unitsof displacement
orderto cqute the accelerationin multiplesof the
to gravity,as was done throughoutthispaper,each

. . -. __._.._. -—.———-. —. ———— c -—-—.-— .— .———. .
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term M equation(13)must le divided%y the quantity g. Equation(13)
thenbecomes ,

f

where W is the totalweightof the airplane.

(14)

The forceappliedto the wing at the stru-upport point Pm

is most convenientlyeqressed in multiplesof airplaneweight. That
● is,

P= = 4W (15)

where q = meximumimpactaccelerationin multiplesof the acceleration
due to gravi~. Equation(14)thenbecomes

WS2
,

[

~=%lsti%t+k- Sfiqt

(16)

which is the equationevaluatedby the tabulationsgivenin tableIV
and tableV.

The calculationsconcerned&th the evaluationof’the restitsn~
.tip-accelerationtime historiesare givenin tableIV. The translational
and osci12at~ accelerationfactorsused in thesecalculationswere
interpolatedfrom figure6. The velue of t ti secondsis directly
equalto the value of Ct in figure6, since,for the fundamental
frequency,the velue of 0.0525/& is unity. The valuesof translational

.

.

●

a

y— .-— — -— . . . .,.
.
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.

accelerationwere o%tainedby multiplyingthemaximumimpactacceleration
by the translational.accelerationfactor. The valuEMof oscillato~
accelerationwere obtahed.by multiplyingthe maximumimpactacceleration
by the oscillator accelerationfactorandby the factw-1.56 which is

%’the te= %’= in equation(16). The value of W in this term

is 19,200 pounds, ~ is eq-” to k.67(2m) radiansper second.,and ketln

is the effectivespringconstantfor the actualwing tip in the f%ndamen~
wing bendingmode, shownin tableIII to be equalto <52,300 poundsper
foot.

As an alternativefor cerryingout a time~istorysolutionlike
thosefor runs 2, 3, and 7, the peak accelerationcanbe approximated
by carryingout the calculationfor resultantaccelerationby use of
the valuesof the accelerationfactorscorrespondingto the time of
maximumnegativetransient-oscillatory-accelerationfactoras shownin
figure6. ~qtip accelerationsfor all testrunE calculated
by thismethod.are presentedintable V. As a checkon the adequac~of
this approxbnatemethod,it will be seen that the meximumaccelerations
for runs 2, 3, end7, as obtained~ the t~story solution(tableIV),
agreecloselywith the meximumvaluesof.accelerationlistedin tableV.

It is interestingtonote from figure6 that as the ratio t#i

attainslargevaluesthe meximumtransient-oscillatoq+acceleration
factoroccursat reducedvaluesof the translationalacceleration
describedby the sine curve. Methodsof deter@ningme.ximumacceler-
ationsthat suggestthe additionof peak accelerationvaluesin each
mode withoutregardto phasemey thus lead to resultantaccelerations
that ere undulyconsermtivefor theselargevaluesof ~ti. The
peak oscillator componentsof accelerationfor smallvaluesof tJti
occtiat very nearlythe time of maximumtranslationalacceleration.

Compariscmofltqerimenteland CalculatedResults

A comparisonbetweenthe calculatedqtip+mceleration time
historiesgivenin tableIV and the experimentallyobtednedwiqytip
accelerationsis presentedin figure5. The agreementbetweentheory
and experimentis good insofaras the negativevaluesof the acceleration
are concerned.but a slightdiscrepancyis noticedin the positivevalues
duringthe initialstagesof the impact. The exactcauseof this dis-

crepancyis @known, but it may be due to the fact that the truehydrody–
namicforcingfunctionis actuallyappliedat a slowerrate at the time
of impactthan thatrepresentedby the assumeds~~e variation. The
time-histq solutionsof tip accelerationwere not extendedverymuch
beyondthe time ofmeximum accelerationsincethe assumedsinecurve
deviatesappreciablyfrom the measuredforcingfunctionin thisrsnge.
‘I’hisgeneralagreementbetweenthe e~erimentalaccelerationend the
theoreticalaccelerationcalculated~ consideringonly the effectof
the fundamentalbendingmile substantiatesthe assumptionthat,for the “

—..— .-—.— __ . .._ —- —--, -—-——.. ”.,.
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testedseaplane,
on the resultait

the effectsof the secoe
accelerationwere small.

.

and higherbendingreties

Figure7 presentsa comparisonbetweenthe computedmextiumnegative
wing-tipaccelerationgivenintable V apdthe correspondingexper~ntal
meximmnwing-tipaccelerationsgivenin tableII. Althoughthereis some
scatterof testpoints,the agreementbetweentheoryand eqeriment
is satisfactory. .

It shouldbe rememberedthat the agreementobtainedbetweenthe
theoreticaland experimentalaccelerationtimehistoriesand the pedc
valuesof win@ip accelerationare, in the case of the testedseaplane,
for an airframewhereinomly the primarybendingmode was importantend
whereinthe structuralelasticityhas a smalleffecton the hydrodynamic
load. Although.themethodusedmey be extendedto includean evaluation
of the combinedeffectsof severalbendingmodes,the smallcontribution
of the higharbendingmodes of the test seaplaneto total-tip
accelerationprecludedthe inclusionof thesehigher modes.

CONCLJJS1ONS

Expertintalwin@i~cceleration data o%tainedfrom full-scale
~ testsof a smallseaplam weremmpsred with the analytical
-tip accelerate- calculated applicatlonofa simplifiedmethod
of analysis. The structuralcharacteristicsof the seaplanewere
suchthat O- the fundamentalwing bendingmode had an important
effecton the wiq@ip accelerationand the uver-allstructural
propertieshad a smalleffecton alteringthe hydrodynamicload. The
resultsof the comparisonindicatethat,for the testedseaplaneand
for the conditionsof impactencountered,the followingconclusions
may be drawn:

1. The methodof calculatingthe accelerationresponseat SIIYwing
stationby usingan equivalentsingle+uass linearoscillatorto represent
the vibratorypropertiesof that stationgiavegood agreementbetweenthe
measuredend calculatedtimehistoriesof _*ip acceleration.

2. For the impactsencountered,the assumedsine-curvevariationof
hydxdynmic impactforceshowedgood agreementwith the experimentally
detemined veriationup to and somewhatbeyondthe time ofmeximum
impactload.

3. With largeratiosof naturalvibratoryperiodto impactperiod
the maximmn”transient-oscil.latory~ccelerationcomponentoccurssubsequent
to the time of maximumtranslationalaccelerationso thatphaserelations
shouldbe used in computingthe distributionofmsximum accelerationsin
the wing.

●

. . .. .. . . .. . --- . .. .. ... .
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k. Whenthe most severetipactsof the testedseaplaneoccurre~
subsequentto the initielimpactof a particularlanding,the seaplane
bouncethatprecededthis severeimpactwas usueXIYsufficientlyhigh
and of long enoughdurationto stop the wing vibrationexcitedby the
prior impact.

LangleyAeronauticallaboratory
NationalAdvisingCcnnmitteefor Aeronautics

LangleyField,Va., April 2, 1948

.
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EQUATION OF TRANSIENTACCEHWJTION OF A

I?ACATII?~O.1690 .

,.

SINGIWMASS IJ2JEAROSCILLATOR

WliENSUBJI!lCTEDTOAS~ FORCIMGFUNCTIOti

An elastic,si.ngle+nasssystemhkvingonly one degreeof freedom
end no dampingcan be schematicallyrepresentedby the followingsketch:

. . -Y

+ Y
S“in

The dynamicsof this systemwhen subjectedto a
curvetimShistorymriation can be expressedas the
differentialequation:

t

a

where

Y’ displacementdue

m mass of system

k springconstant

Pm msximumvalue of.

to appliedfwce

appliedforce

. . . .—. .

force of sine- -
fOllawing

(Al)
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1

(Qi equivalentcircularfrequencyof appliedforce,
radiansper second (Jc/2tJ

.
t time elapsedafterinitialwater contact,seconds

t, timebetweeninitialwater contactsnd maximum
&

“ hydrodpsmic force,seconds

The timehistmy of the displaoamentof a shgls+nass
shownin the sketch,due to any arbitraryforcingfunction
evaluatedby the integral

!
t

~=& F(T) sin[~(t -T] dT

o

syetem,as
F(T) can be

(A2).

where T is the vsriableof integration.This integralwill be reorgan-
izedto be the Duhsmelintegral,the derivationof which is givenin
reference4. Replao~ the srbitrsryforcingfunction F(T) in the
Duhamelintegralby the sine~urve variationof the forcingfunc-
tion ~- sinUiT snd substituting
equa.tim(Al)givesthe solutionfor

thisvalue of displacementin

acceleration~ of the mass as

(A3)

Carryingthroughthe integrationof equation(A3)resultsin

sin~t )-sinqt (A4) “

c?
. --------- ----- —- .. . .— —— .-— —— — —- - -——. .- —- —— .—--—- - - -

. . .



20

Expressing ~ in termsof ~

and m by k/~2 gives
.

,=%lax%?+-jt
b
A

( i)]
-Shl +%

Simplifying’equation(A~)

NACA TN NO. 1690

and ti and replacing ~ by (.fi/2t.J

_ %.x%2
k

(A5)

reducesthe expressionfw >“ to

.

.

,,

The accelerationexpressedby equation(A6)is used to definethe
oscillatorycomponentsof the totalaccelerationat any point in the wing
structurewhen the natursl+ibrationcharacteristicsof thatwing station
are replacedby an e@vsJ.ent single+nassoscillatoras describedin the
body of the paper. It wilJ be seenfrcm ,$hisequationthatwhen the
ratio tJti approacheszero (correspondingto an extremelyslowrate of

applicationof the impulsiveload)the acceleration~ definedby
equation(A6)approacheszero. This fact indicatesthat the oscillatory
effectsare negligible.For airplanessub~ectedto such a very slowly
appliedload,the accelerationof all pointson the structureis nearly
the sameand nesrlyequalto the translationalacceleration.Equation(A6)
is plotted

of tJti

thereonas
correction
applicable

in the lower set of curvesof figure6 of this paper-forvalues

P
rangingfrcm 0.1 to 0.7 and for msx %2 = 1, and is identified

x
the “transientiscillatq accelerationfactor.” A time-scale
factoris tncl~d in figure6 to make the remiLtsgener~
for all valuesof q.

o——.. . .- -. — . ——--—.— - . .
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I

TABLE I

WEIGHT DIS!CRDUTIONAND M~ FACTQRSOF WING SEMISPAM
#

Inorementof
Mod~hape factw

Diatqncefrcnu weight,
centerline Firstmode Secondmode

(m.) (1’)
(4.76PCPS), (13.7 Cps),

---- ~ .645 -0.061
3: 881 -.044 -.047
75 2057 -.026 -.017
87.7 5076 -.022 -.005

llg 881 -.004 .037
170 U6 .053 .122
Z?lo 102 .I.l.o .194

. 250 .88 .190 .238
2go 181 .qo .242
330 64 .370 .184
370 53 .490 .041
410 43 .625 -.177
440 18 .730 -.388
477.7 40 .860 –.681
516 ---- 1.000 -1.000

Total 9600-

.

●

.
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TABLE II

~ MAXIMUM ACCEIENWIONS DURING IANDINGIMPACT!

23

Max. hull Time to max. Max. wing-
Tgt Iiupactaccegon hull a:;;matlq ti tip acc~rion

1 third -1.15 0.270 -1.75
becond -1.52 .150 -2.75

$ second -1.90 .085 -k.25
“ 4 second -.92 .270 -1.30

5 - -.90 ..143 -..45
6 fourth -.84 .120 -1.75

-1.85 .190 +.60
z S%z -l.= .195 4.35
9 second -.93 .300 -1.52

10 second -1.00 .120 -1.68
u third -.92 .150 -1.40
12 fourth -*85 .125 -1.45
13 second -.95 .130 -1.40
14 third -.60 .2go -.70
15 first -.85 .120 -1.68

.

/

.
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.

D~stance_ Increlnentof’ Mae*ha
,.tor?’

Incrementor Effectlve
centerllne= Ucdght,

effectiveveight, spriw con-

(:.) (%) ~ I@ etant,k.
(lb/rt)

---- -0.045 ----- 5,606,&p
3: 881 -.044 1.p7 5,734,Wn

2Q57 -:026
g.7 ‘

1.391 9,703,850
y30; -.022 2.460

-.004
11,468,180

.014 63,075,000
$ 116 .053 .329 4,760,040
210 102 .I.lo 1.232 +?,293,640
m 88 .190 3.173
290 181

-1,327,890
;% 13.230

330 64 8.769 $::g
.490

;E
53 12.78g
43 .625 16.813 403,680
18

E.7
.730 9.563

40
-345,62o

.860 29.* ‘ +93,370
516 —-- 1.000 --—.- -252,300

Totel 101.054
.

%m~ttip tiflectimtitim~ect toncdal point, Bee figure4.

Samplemlculatlona for effectiveeprlng con8taut

(a) Forwingtlp I~P6~ I
I

=1
.

1

1

Frm equation (7):

%2W2ketfp=~ = (4.76x2x)2 (2x101 .O54)~+52,3mlb,ft

P -0.022 32.2

(b)

. . . .

Forpoint of locatlonof wing-tip accelerometer

Effectiveepringconstantat 450 inchesfrom center line 1s obtainedby applicationof
equation(8); thus:

. ...— -..
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F@re 1.- SimpQHed representation of translational and oscillatory
components of motion of points along wing.
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